Summary.
A hitherto undescribed intimate association of the nerve fibers with the central lacteal endothelium in the canine duodenum was demonstrated by transmission electron microscopy of ultrathin serial sections. Around the proximal half of the entire extent of the central lacteal, there exist three to ten unmyelinated nerve fibers 0.1-0.15um in diameter. Some of these exhibit bulbar swellings (0.7-1.0pm in diameter) which contain small clear vesicles (30-35nm in diameter) and/ or rather large vesicles (60-90nm) with electron-dense cores (40-60nm) .
Most of the bulbar structures of the nerve fibers are in contact with or surrounded by the central lacteal endothelial cells. These results suggest the existence of a neuronal control over the activity of the lacteal endothelial cells.
The central lymphatic vessels, also known as the central lacteal of the small intestinal villi, are the initial part of the lymphatic system, exhibiting a highly active lymph flow. The lymph drainage through the lacteal is considered to be facilitated by rhythmical contractions and wavy movements of the villi, these actions being attributed to the smooth muscle cells in the lamina propria of the villi (CAMP-BELL and HEATH, 1937; HALL, MORRIS and WOOLEY, 1965; MCHALE, RODDIE and THORNBURY, 1980) .
On the other hand, lymphatic vessels both in vivo and in vitro show regular spontaneous segmental contractions which propel the lymph (CAMPBELL and HEATH, 1937; HALL, MORRIS and WOOLEY, 1965) . Larger lymphatic vessels with a muscular coat have been reported to be innervated by noradrenergic nerves which are located in the adventitial connective tissue or among muscle cells, taking on the form of a loose network (TODD and BERNARD, 1973; MCHALE, RODDIE and THORNBURY, 1980; ALESSANDARINI et al., 1981; ALLEN and MCHALE, 1986; ALLEN et al., 1988) . SHDANOW and WOLODJKO (1967) suggested an association of nerves with the endothelium of the thoracic duct. However, to our knowledge, there is no literature reporting an association of nerves with the endothelium of lymphatic capillaries.
During our electron microscope observation of the central lacteals of the canine intestine, we noticed an intimate association of nerve terminals with the lacteal endothelium, suggesting the involvement of nerves in controlling the activity of the lacteal endothelium (ICHIKAWA, UCHINO and HIRATA, 1989) . This led us to examine extensively serial ultrathin sections of the central lacteal endothelium under a transmission electron microscope. We will describe here a hitherto unreported relation of the nerves with the lymphatic endothelium of the canine duodenal villi.
MATERIAL AND METHODS
Three adult mongrel dogs (7 to 10kg in weight) were used. They were thoroughly anesthetized with an intravenous injection of pentobarbital sodium (15 mg/kg body weight). In order to wash out the blood, the vascular bed was perfused with 600 ml Ringer's solution through a catheter (3.0mm in outer diameter) inserted into the thoracic aorta. The animal was then perfused with 400 ml of 2% glutaraldehyde and 4% paraf ormaldehyde (in a 0.1M phosphate buffer solution). The duodenum was dissected and the area surrounding the greater duodenal papilla was cut into small pieces. The pieces were further fixed in the same aldehyde fixative for 2-3h and then postfixed in 1% osmium tetroxide for 2 h. Afterwards they were dehydrated with ethanol, substituted for propylene oxide, and embedded in Quetol 651 (N issin EM).
Serial semithin sections 1.5um thick were cut transversely through the long axis of villi from their base to the tip. These sections were stained with toluidine blue and safranine-o and observed under a light microscope. The serial semithin sections and ultrathin sections were alternately obtained. The ultrathin sections were stained with uranyl acetate and lead citrate and examined under a JEOL 1000XII electron microscope.
RESULTS

Light microscopy
According to the light microscopic morphology of the vasculature, the duodenal villus was divided along its proximo-distal axis into three portions. The proximal portion was characterized by the presence of both lacteal and blood vasculature in the approximate center of the villus (Fig. 1 ). In the intermediate portion, the profiles of blood vasculature deviated from the center of the villus and turned toward the subepithelial area, leaving the lacteal in the central area of the villus (Fig. 2) . In this portion, however, the lacteal lumen was too attenuated to be identified light microscopically. There were extremely small vacuolar structures in close association with the endothelial cells of the lacteal (Fig. 3 ). In the distal portion, the lacteal lumen became again discernible light microscopically, and there were many capillaries beneath the epithelium (Fig. 4) .
Transmission
electron microscopy The proximal portion. The lacteal, which was located in the central area of the villus adjacent to blood vessels, (Fig. 5 ) was lined with extremely tenuous lymphatic endothelium except for the nucleated area.
The endothelial cytoplasm contained only a limited number of cell organelles. Most of the abluminal surface of the endothelium lacked the basal lamina, although anchoring filaments existed sporadically. There were some bundles of unmyelinated nerve fibers in the connective tissue surrounding the lacteal (Fig. 6) .
The intermediate portion.
Here the lumen of the lacteal was extremely diminished in caliber; in the middle division of the proximodistal extent of this portion the lumen appeared to be obliterated. Electron microscopy of the serial thin sections showed electron lucid, spherical or ellipsoid vacuolar structures (0.7 to 1.0um) which were located beneath or within the endothelial cells (Fig. 7) . Immediately beneath the endothelial lining of the lacteal were a few bundles of fine unmyelinated nerve fibers. Each of these bundles consisted of 3-10 nerve fibers of 0.1-0.15um in diameter. Observation of serial thin sections of these bundles disclosed that the nerve fibers formed ellipsoid or fusiform swellings during their course, and that these swollen parts frequently contained small, clear vesicles (30-35nm in diameter) and/or larger vesicles (60-90nm) with electron dense cores (40-60 nm in diameter) (Figs. 8a, b, 9a, b, 10a, b) .
Occasional branches issued from the nerve fibers to course toward the endothelial cells. These branches were continuous with the aforementioned spherical or ellipsoid vacuolar structures which were located either beneath or within the endothelial cells of the lacteal (Figs. 8a, b, 9a, b, 10a, b ).
There were some wandering cells (mainly neutrophils and lymphocytes) in the lacteal lumen of this portion of the villus. The contours of the endothelial cells were markedly altered by the presence of nerve fibers lying just below or within them (Figs. 11, 12) .
The distal portion. The lacteal appeared in profile as oval or circular, the lesser diameter being about 7 pm (Fig. 13a ). There were no vacuolar structures or unmyelinated nerve fibers within the endothelial cells or in the vicinity of the lacteal. There were numerous pinocytotic vesicles along the abluminal and luminal surfaces of the lacteal endothelial cells (Fig. 13b) . In the most distal part of the lacteal, its lumen became even narrower (less than 1pm), and the only perceivable organelles of the endothelial cells were the pinocytotic vesicles. The basal lamina was discrete at the abluminal surface; anchoring filaments were sporadic (Fig. 14) . The terminal part of the lacteal consisted of a single endothelial cell without any discernible lumen remaining, and the lacteal ended as a cytoplasmic strip of the endothelial cell, measuring 1um thick. In the endothelial cytoplasm, only pinocytotic vesicles were recognized. Anchoring filaments were restricted to the abluminal surface (Fig. 15) .
DISCUSSION
Transmission electron microscopy of serial sections has revealed a hitherto undescribed intimate association of unmyelinated nerve fibers with the endothelial cells in the proximal half of the central lacteal in the canine duodenum. Furthermore, the nerve terminals associated with the lacteal endothelial cells form spherical or ellipsoid vacuolar structures which contain small, clear vesicles and/or larger ones with electron dense cores, suggestive of synaptic vesicles. These vacuolar swellings correspond to the varicosities of the nerve fibers demonstrable by neurofibrillar silver impregnation.
Anatomical investigations using either supravital staining or silver impregnation have proved the existence of nerve plexuses in the wall of lymphatics with a muscular coat (KYTMANOF, 1901; CARLETON and FLOREY, 1927; VAJDA, 1966; WHALE, RODDIE and THORNBURY, 1980) . Histochemical and physiological studies have demonstrated that noradrenergic nerves innervate the lymphatic vessels with a muscular coat (TODD and BERNARD, 1973; MCHALE, RODDIE and THORNBURY, 1980; ALESSANDRINI et al., 1981; ALLEN and WHALE, 1986; ALLEN et al., 1988) . Such nerve plexuses have been reported to be located mostly in the adventitial connective tissue or among the muscle cells. SHDANOW and WOLODJKO (1967) have reported the association of nerve elements with the endothelium of the thoracic duct. However, the subendothelial nerves reported by SHDANOW and WOLODJKO (1967) do not directly reach the endothelium, but terminate in the form of free nerve endings. PALAY and KARLIN (1959) and PAPP et al. (1962) demonstrated unmyelinated nerve fibers in the intestinal villi, but they did not show such an association of nerve terminals with the lacteal endothelium as observed in the present study. The close association of the nerve terminals with endothelial cells of the central lacteals demonstrated in this study suggests the existence of a neuronal control over the lacteal endothelial cells.
What then is the function of the nerve terminals closely associated with the lacteal endothelial cells? It is possible that these are efferent nerve terminals discharging some substances to the lymphatic endothelium or even into the lymphatic lumen. These substances might influence the tonus of the wall or the contraction of the endothelium of lymphatic capillaries as well as the more proximal segment of lymphatics. This implies that the nerve terminals may exert a motor function. On the other hand, the nerves may possibly be the sensor of the lymphatic endothelial environment, being either luminal or perivascular, and might constitute one limb of the reflex arc which may control the rate of the lymphatic drainage by changing either the state of permeation through the endothelium or the way of contraction of the more proximal part of the lymphatics with a muscular coat. This would mean that the nerve terminals are sensory in nature, possibly in addition to being efferent. Further investigations with various methods remain to be carried out to determine the validity of these hypotheses.
